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Abstract 
In the light of the growing problems of resource availability and environmental damage, it is indispensable to make best use of artifacts. For 
this purpose, maintenance and reuse are the most effective life cycle options. Maintenance and reuse are aimed at exhausting lives of artifacts, 
and use similar technologies such as condition diagnosis and restoration technologies. On the basis of this recognition, we reconsider the 
architecture of circular manufacturing and propose a concept of maintenance-centered circular manufacturing (MCCM), in which we do not 
discriminate between newly produced products and reused products as far as they can satisfy user requirements. As important issues in MCCM 
management, we discuss maintenance and reuse management from the aspect of operations and maintenance integration, and matching of the 
original use and the subsequent use. We also present maintenance and reuse management cases taking examples of the direct desulfurization 
facility at an oil refinery plant and the valve actuators of air-conditioning units. 
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1. Introduction 
Our daily lives are supported by various artifacts. We are 
able to perform day-to-day tasks through the functioning of 
various products and facilities, from those that support spaces 
such as homes, offices, shops, and factories to those that 
support networks such as power, water, transport, and 
communications systems. From the resource consumption 
perspective, a huge amount of resources is used to produce 
these artifacts. In light of the growing problems of resource 
availability and environmental damage, finding ways to 
reduce the environmental impact and resource consumption 
required to produce these artifacts has become an urgent issue 
for the manufacturing industry. To cope with this problem, the 
concept of circular manufacturing has been proposed, and 
various 3R (reduce, reuse, and recycling) technologies have 
been developed. Although maintenance has been recognized 
as an important life cycle option, which is a means to reduce 
environmental impact and resource consumption, discussions 
about maintenance and circular manufacturing have thus far 
tended to be conducted separately. However, maintenance 
should be integrated as a central activity of circular 
manufacturing [1] and considered in the course of product life 
cycle planning [2], because the inner the loop is, the more 
effective circulation becomes in terms of energy and resource 
savings. In what follows, we propose the concept of 
maintenance-centered circular manufacturing (MCCM) in 
Section 2. Then, in Section 3, planning methods for 
maintenance and reuse are discussed. Finally, two case studies 
are presented in Section 4. 
2. Concept of maintenance-centered circular 
manufacturing 
Since the 1990s, the concept of circular manufacturing has 
become increasingly important as a measure to reduce 
environmental impact and resource consumption in 
manufacturing. Figure 1 shows the concept of circular 
manufacturing. As depicted, there are multiple circulation 
loops such as maintenance, product reuse, part reuse, and 
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required by user B. When the functional level falls below the 
level required by user A, user A stops using the product. At 
this point, if the functional level is higher than that required by 
user B, the product can be reused by user B.  
Another example of pass-on reuse is shown in Figure 8, 
where reuse is enabled by the users’ differing amount of use 
per unit time. If user B uses the product at a higher rate than 
user A, and both user A and user B need the product until t
L
, 
we need three products to satisfy the needs of both users if we 
provide products to the users separately because user B 
exhausts the physical life of the product at t
R
. However, if we 
exchange the products between user A and B at t
E
, we only 
need two products instead of three. 
In both examples, we can increase the utilization rate of the 
product lifetime and, consequently, reduce the required 
number of products. The principles of reuse explained above 
can also be applied to part reuse, except that the lives of parts 
are exhausted by multiple products rather than multiple users. 
 
Factors to be considered in reuse implementation 
Although reuse is an effective life cycle option, it is not 
easy to implement because of various conditions that need to 
be considered. Umeda et al. discussed the conditions for reuse 
applications using the following four factors: residual life, 
residual value, costs, and the supply and demand balance of 
reusable items [5]. Regarding lifetime, the residual life of the 
product or part needs to be longer than the guaranteed life for 
the next use. Regarding value or quality, the remaining value 
or quality of the item to be reused needs to satisfy the 
requirements for the next use. To implement reuse from an 
economic perspective, the cost of reuse has to be less than the 
sum of the cost of producing new products or parts and that of 
recycling. The supply and demand balance is the most critical 
factor to be considered. To realize reuse, we need to match the 
original use with the subsequent reuse in terms of the 
abovementioned three factors. For example, in the case of the 
reuse shown in Figure 7, we need to find a pair of users, A and 
B, which match each other. However, the functional 
requirements for the reused products dispersed depend on the 
users. Product return is also at the users’ discretion once the 
products have been sold. Therefore, matching the returned 
items with the demand for reused items is a challenge for the 
successful implementation of reuse. 
 
Reuse management policies 
As stated above, products are usually collected at users’ 
convenience when they stop using them. We call this case 
spontaneous collection. In this case, product providers do not 
have any control over the volume and quality of the returned 
products. This makes it difficult to match the original use with 
the subsequent reuse. To solve this problem, we propose 
planned circulation (also called forced circulation). In the case 
of spontaneous collection, products are usually owned by 
users, whereas in the case of planned circulation, they should 
be owned by the product providers. In the latter case, 
providers are able to control product collection because they 
have the authority to manage the products. Planned circulation 
can facilitate both the types of reuse explained in Figure 7 and 
Figure 8. We applied this concept to copier photoconductor 
drum units [6] and to a group of copiers used in an office [7].  
Another strategy to mitigate the difficulty in matching the 
demanded functionalities with those of the returned items is to 
increase the variety of supplies of the reused items in terms of 
functionalities. For this purpose, we propose the concept of 
module reconfiguration in remanufacturing, where the 
modules extracted from the returned products of different 
product generations are reconfigured to satisfy various user 
requirements [8]. 
3.3. Integration of maintenance and reuse management to 
realize maintenance-centered circular manufacturing 
As stated already, maintenance and reuse are executed to 
exhaust the lives of items as much as possible. There is no 
fundamental difference between maintenance and reuse in 
terms of restoration technologies. If a single user keeps using 
items, or in case items are not portable (e.g., buildings), the 
activity is usually called maintenance; otherwise, it is called 
reuse. The applicable maintenance and reuse policies depend 
on the degradation characteristics of the items. When the state 
of the item is represented by functional levels and physical 
conditions, the degradation characteristics are divided into 
three types, as indicated in Figure 9. Type 1 is the case where 
physical deterioration leads to functional debasement, as in the 
case of cutting tools. Type 2 is the case where only physical 
deterioration occurs without functional debasement, as in the 
case of ink cartridges. Type 3 is the case where relative 
































Type 1 restorable long use with 
restoration
time sharing or pass-on
reuse to users with 
different usage rates
not restorable (expendables) cascade reuse
Type 2 restorable long use with 
restoration
time sharing or pass-on
reuse to users with 
different usage rates
not restorable (expendables) time sharing or pass-on
reuse to users with 
different usage rates
Type 3 upgradable long use with 
upgrade
time sharing or pass-on
reuse with upgrade
not upgradable not applicable cascade reuse
Fig. 9  Categorization of degradation characteristics 
Table 2  Applicable maintenance and reuse policies depending on 
degradation characteristics 
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models or new technology, but there is little physical 
deterioration, as in the case of microprocessors. Each type is 
further divided into two cases: restorable and not restorable. 
Applicable maintenance and reuse policies are indicated for 
each type of degradation characteristic in Table 2. In this case, 
reuse is differentiated from maintenance when the items are 
used by multiple users (in case of product reuse) or in multiple 
products (in case of part reuse). 
Although, as we have stated several times, there is no 
fundamental difference between maintenance and reuse from 
the aspect of restoration technologies, management 
technologies have been developed for the different aspects of 
maintenance and reuse. We have mainly discussed 
maintenance management in terms of how to restore items 
effectively and efficiently using criteria for treatment 
application, types of treatment, and the timing and intervals of 
treatment or inspection. However, reuse management has been 
discussed from the perspective of logistics such as timing and 
methods for product return and where the items are reused. 
To realize the concept of MCCM depicted in Figure 2, we 
need to integrate these technologies in a way that addresses 
the following questions. 
• Which item should be maintained and which should be 
replaced and reused according to the degradation 
characteristics of the items? 
• When should we stop using the items and pass them on for 
reuse depending on the states of deterioration or functional 
debasement of the items? 
• How we can effectively make use of reused items for 
maintenance? 
Development of technologies to deal with these issues will 
be a challenge for the future. 
3.4. Life cycle simulation to evaluate circular manufacturing 
Circular manufacturing, by definition, involves closed 
loops in the flows of items. These loops are controlled by 
different maintenance and reuse policies depending on the 
item characteristics. It also involves various stochastic events 
such as failures and product returns. As a result, circular 
manufacturing behavior becomes complex and hard to 
evaluate. Recently, LCS has been developed as a powerful 
tool for solving this problem [3]. It can evaluate the dynamic 
behavior of circular manufacturing based on discrete event 
simulation. It simulates the flow of items through the various 
processes constituting circular manufacturing, such as usage, 
maintenance, product return, diagnosis, restoration, and 
production of items. By combining LCC and LCA (Life Cycle 
Assessment) data, LCS can evaluate the cost and 
environmental load that must be paid in exchange for 
providing items to a certain market for a certain period. To 
evaluate effectiveness of the maintenance policies, the Monte 
Carlo simulation technique is used to assess the effects of 
stochastically occurring events such as deterioration and 
failures [10]. 
4. Application examples 
Although there has not yet been a good example of MCCM,
we would like to present two examples of maintenance 
management. One is an example of operation and maintenance 
integration applied to a direct desulfurization facility at an oil 
refinery plant. The other is an example of life cycle planning 
applied to valve actuators of air-conditioning units, in which 
reuse is integrated in maintenance. 
4.1. Operation and maintenance integration for the direct 
desulfurization facility at an oil refinery plant [9] 
Deterioration modes of the direct desulfurization facility 
In the direct desulfurization facility, heavy oil is heated by 
the furnace and desulfurized through a decomposition reaction 
at high pressure and high temperature in the presence of a 
catalyst. To keep the oil temperature at the required value, the 
external temperatures of the heating tubes should be increased 
depending on the amount of carbon deposit on the inner walls 
of the tubes. The increase in the external temperatures of the 
heating tubes, however, accelerates the progress of creep 
damage and reduces the life of the tubes. Therefore, it is 
necessary to execute decoking by shutting down the facility. 
Since shutdown of the facility induces huge production losses, 
we need to consider its effect on operations when determining 
the proper maintenance plan. 
To evaluate expected losses, we construct a mathematical 
model of the various deterioration modes occurring in the 
facility, such as catalyst degradation, carbon deposit on 
heating tube inner wall, heating tube creep damage, wastage 
owing to metal dust corrosion of heating tubes, brick 
separation of the wall of the combustion chamber, and burner 
tile breakage and nozzle clogging. 
 
Conducting life cycle simulation 
Using these deterioration models, we conducted LCS to 
evaluate operations and maintenance losses. The effects items 
are identified for three objects: humans, facilities, and the 
environment. All items are monetarily evaluated in this case 
study. For facilities, we identified the losses caused by 
operation and maintenance actions. Regarding maintenance, 
we consider the labor cost and cost for parts necessary for 
maintenance actions such as inspection, repair, and 
replacement, as well as the production losses induced by 
maintenance actions. Regarding operations, production losses 
owing to reduced production volume and excess fuel costs are 
considered. In addition, life shortening of the facilities is 
considered as a depreciation expense loss, which is related to 
both maintenance and operations. For humans and the 
environment, we consider compensation. 
We set the maximum acceptable risk to manage failure that 
could lead to catastrophic damage. For the direct 
desulfurization plant, creep rupture of the heating tubes could 
cause fatal damage. Therefore, the allowable rupture 
probability is set at 0.0001(month
-1
), which corresponds to 
81.3% of the life consumption rate of the creep life. 
Preventive maintenance, that is, tube replacement, is executed 
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when the life consumption rate reaches this limit in the 
simulation. 
With regard to the maintenance policy for each 
deterioration mode, we apply those adopted in the current 
practice. All maintenance actions are executed during 
shutdown maintenance (SDM) except decoking. Since creep 
rupture causes fatal damage, we assume that the necessity of 
decoking is determined in each term and that it is executed 
even between SDM periods. 
The SDM interval is changed from 10 to 21 terms. The 
maximum maintenance cycle of 21 months is determined 
because catalyst degradation has a huge impact on the life 
expectancies of the heating tubes when the cycle becomes 
longer than 21 months. The TBM interval for each 
deterioration mode is changed from 8 to 35. Regarding 
operations, we set the allowable range of production volume 
from 4800 kl to 6400 kl per day. Since the facility’s 
characteristics mean that carbon deposition is accelerated in 
the case of low production volumes, we set the lowest 
production volume limit. 
 
Simulation results 
The results of the simulation are shown in Figures 10 (a) 
and (b), in which the average losses per unit term, the average 
marginal profit per unit term, the lifetime of heating tubes, 
and the holding risk per unit term are indicated.  
Figure 10 (a) shows that most losses in this setting are 
induced by production losses and the depletion of heating 
tubes. It shows that if we prioritize maintenance and shorten 
the SDM cycle, production cost increases. On the other hand, 
if we prioritize operations and lengthen the SDM cycle, 
emergency maintenance losses and depreciation cost increase. 
The total losses have the minimum value at the SDM cycle of 
15 months, while the marginal profit has the maximum value 
for this cycle.  
However, Figure 10 (b) shows that the holding risk 
increases monotonously as the SDM cycle increases, whereas 
the lifetime of tubes decreases. The amount of risk shown in 
Figure 10 (b) corresponds to emergency maintenance losses. 
Therefore, applying better maintenance policies to reduce the 
emergency maintenance cost contributes to an increase in the 
marginal profit. The results show that selection of the proper 
SDM cycle can increase the total profit. At the same time, we 
need to pay attention to the increase in fatal risks at the 
facility. 
4.2. Life cycle planning for the valve actuators of air-
conditioning units [10] 
Valve actuators of air-conditioning systems 
Valve actuators are widely used in the air-conditioning 
systems of buildings in which each floor is air conditioned 
independently by air-handling units on each floor. An air-
handling unit exchanges the thermal energy of water with that 
of air. Valve actuators are used to control the water flow. It is 
important to maintain their functions in order to ensure that 
the air-conditioning system operates appropriately. A valve 
actuator consists of a valve part, which adjusts the water flow, 
and an actuator part, which drives the valve according to the 
control signals provided by a controller.  
TBM is the maintenance policy usually applied to valve 
actuators. In principle, valve actuators are replaced after 15 
years of use. High reliability can be achieved with this 
maintenance policy. However, such a maintenance policy has 
been adopted on an empirical basis, and its effectiveness has 
not been evaluated quantitatively. This policy may result in 
excessive maintenance and heavy LCC and environmental 
load. Therefore, we attempt to improve maintenance 
efficiency by applying the life cycle maintenance–planning 
method.  
 
Evaluation of maintenance plans 
In order to develop a better maintenance plan, we evaluated 
six maintenance plans, including the currently used plan. The 
first four plans adopted TBM with different maintenance 
cycles of 10, 15, 20, and 25 years. The other two plans 
adopted CBM and BM. In the case of CBM, the valve 
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Fig. 10  Simulation results of operations and maintenance integration for direct desulfurization facilities of oil refinery plants 
(a) Average losses and average marginal profit (b) Life time of heating tube and holding risk 
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failure is found in a valve actuator, the valve actuator is 
replaced. By contrast, in the case of BM, the valve actuator is 
replaced only upon its failure. 
The results of the evaluation are shown in Figure 11 in 
terms of the cost per year, which is the sum of the effects on 
the running cost of building owners and maintenance cost of 
valve actuators. Figure 11 also shows the mean failure rate. 
This figure shows that in the case of TBM, the longer the 
maintenance interval is, the lower is the LCC and the higher is 
the failure rate. However, in the case of BM, the cost is lower 
and the failure rate higher as compared to TBM. In the case of 
CBM, both the cost and the failure rate are high, because it is 
difficult to detect the symptoms of failure without 
disassembling the valve actuators in the case of the current 
design.  
From the viewpoint of LCC, BM appears to be the best 
maintenance policy according to the evaluation results. 
However, we may need to consider the effect of low reliability 
on brand loyalty. Therefore, we estimate the increase in the 
accumulated sales loss arising because customers switch 
brands owing to frequent valve actuator failures. We assume 
that a customer switches to another brand when more than two 
failures happen in one building per year. (Buildings in Japan 
have an average of 40 valve actuators.) The result shows that 
the sales loss is considerably larger than the cost reduction 
with BM, if we consider the LCC of more than 20 years. None 
of the five other maintenance plans provides a better solution 
in terms of cost and reliability than the currently used plan.  
 
Integrating reuse option into the life cycle plan 
In order to improve the life cycle of valve actuators in 
terms of cost and reliability, we propose the adoption of the 
reuse option, which is incorporated into the maintenance plan. 
Currently, valve actuators are periodically replaced every 15 
years. However, the lives of valve actuators are determined by 
the component with the shortest life, even though other 
components have longer lives. In the case of actuators, the 
potentiometer has the shortest life and is therefore the critical 
component. Other components in the actuator have 
considerably longer lives. Therefore, we assume that the 
actuator can be remanufactured by replacing the potentiometer 
and can be reused for another 15 years without decreasing its 
reliability. In the case of a valve, leakage owing to the 
deterioration of the sheet ring and the gland packing and 
seizure of the ball owing to the presence of foreign objects are 
major deterioration and failure modes. These can be reset by 
cleaning and replacing the sheet ring and the gland packing. 
The rest of the valve consists of cast iron and stainless steel, 
which are quite durable. Therefore, we assume that a valve 
can be remanufactured and reused two times. This means that 
the main body of the valve can be used for 45 years without 
decreasing the reliability of the valve. 
Reuse of the actuator and the valve is effective for reducing 
cost. We estimate that the remanufactured actuator and valve 
cost 40% and 50% less than the newly produced ones, 
respectively. The effect of reuse is evaluated in terms of cost 
and reliability. The result is shown in Figure 12 along with the 
results obtained in the cases of only TBM and BM. The figure 
indicates that the proposed maintenance plan when 
incorporated with reuse brings about a cost reduction of 
approximately 40% as compared to the present maintenance 
plan, while maintaining the same level of reliability. In 
addition, the environmental load can be also reduced by 50%. 
5. Conclusion 
To realize a sustainable society, it is indispensable to 
maintain and improve the functions obtained by using various 
artifacts with minimum environmental load and resource 
consumption. For this purpose, we need to realize true circular 
manufacturing instead of just adding reverse flows to the 
conventional manufacturing systems. The core technologies of 
circular manufacturing are diagnosis, restoration, and 
upgrading technologies that have been studied in the context 
of maintenance engineering. Another important technology for 
circular manufacturing is that used to deliver artifacts to the 
right users at the right time depending on the physical and 
functional state of the artifacts and the users’ requirements. 
Such technologies have been discussed in the context of reuse 
and remanufacturing. Therefore, we proposed the concept of 
MCCM, in which maintenance technology is viewed as a core 
technology, and reuse and remanufacturing technologies are 
integrated with it. 
In this paper, we discussed maintenance and reuse 
management technologies in the context of circular 
manufacturing. Although there is much to do to realize such a 
concept, such as transforming business models so that the 
delivery mode of artifacts can be adapted to circular 
manufacturing and the innovation of technology that enables 
the personalized restoration of artifacts, the author hopes that 
this article would be of some help in moving forward with a 


















































































































Fig. 12  Simulation results showing the effects of reuse Fig. 11  Cost and failure rate of different maintenance plans 
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